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CAN MAGNETIC REFRIGERATORS LIQUEFY HYDROGEN AT HIGH EFr’ICIENCY?~’

J. A. Barclay

Croup P-10, MS-764
Ias Alamos National Laboratory

Los Alamos, New Flexico 87545

Abstract

A concept for a hydrogen Iiqu@ficr bnsed on the ma~netocaloric effect is
introduced. A second-law analysis of the general device is described. Ttw
calculation predicts that cfficirncics % 50% of Cnrnot arc prohahlc. A

brief comparison to gas refrigcratirm systems is mnd~.
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for cryngona h-w ho-n publishad. 6-9 Thm main

●urcen of hrmffichcy ara ~hc r~-tampmrmtura
compreworm, with thair ansocimc~d ●fcarcoolarm, ●nd
tho ~an ●pandmm. All of cha ●fflcimcy ■tudian
●grea that mbou~ 35+02 of Carmmt ●ff{cimncy (ideal)
it tha bamt thnt i- EMU pmniblc for ●mtncing CY-
CISS, mvmn far wry lmr~e plant-, and that thm proa-
■pcct in wry mar for muh imprnv-nt. Tfmrtfore,

if liqumfactlon coat- for the Iarg@-ncala production
of liquid hydrogan, halim ●nd liquid natural ~aa
arm to b- siRniFicancly rcducod, m new rafrt~aratinn
cachnology -at bo found.

Tha purpoma of thin pa~r h to damcrlhe the
COLICOPC of mmflnatic ralrigaration, to ■how that ●

rafrinarator ba-ed on this corLLFpr nhould h- nbla to
praduca llquid hydrmgm ● t ‘LI 502 af t%rnot, and to
brletly discu~m tha reaulta in c-pari-on tn Ram
re[rlgerntor-.

PRIWIPLSS OF HAOttETIC RWKIGKRATIOI:

H#gn~~tialoric Rff~ct
Ham-tic rrfrig~ratorm ●aploit the tampcraturm

and ma~rrrtic field d~pndrnc~ of Lho ■amnetir
●ntropy of ● ●olid mtrrial cm rnkrirct heat fra a
low Lam~rnturr ●urcc and trmnnfur it to n
hi~mr-temp?raturc ■ink. fir ●nlrupv chmnRo

ralrvant to th~m~ procrnnes im Rivrn hv

(7)

m ■ qfJ IIJ/hT , (h)

A ■ IhTG/~@2J(J * 1) )
o 0

(6)

scmndmtal cquarlnn for H, vhkh can b- ●olvmd by
itnratiomm Pdramammks ● t IOU tmmparaturm (1-XIK)
●nd hrromamnat~ naar tholr Girlm tmmparntura

(20-300 K) ●hou appreciable ●rrcropy channma with
ftald: valuam ranmo frm qlR at IW tmpmraturm

to 0.1-O.2R ●t rcma tamparatura with J maslmm of
Kln(2J + l), vharc R ia thr us cnnmtmt. Por

mall n, Eq. (S) can ba ●nparrttfld ●nd ●ubatitutad
into Eq. (1) to corractly pr~dict thr MM-l Mg-
netocaloric affnct, i.e., th~ incraaaa in tampera-
tura of m paramcmetic snlid uhmn adlahatically
■agnetisad.

Carnnt cycle. Thlm himtoric cycle cannlmtm of
? [mthemal atcpm mnd Z latintrnpic stapa●nd i-
●a-y to •m~cut- in n ■aflnetic mymtom. Conaidrr ●

fmrrmman~tlc matarial n~ar It- ~ria t~mpratura
●elt that thn ●atarial can ha isnlatad from or prt
in cnntact with hot and cold bath- ● t uII1. The

firnt staRe of thin cycle is an isnth~mal nannr-
tigatiorr uhil~ in cnntmct with thr hnt broth; tha
h-at of mmnotinatiorr in rrj~ctrd into the hot
bath. kxt, nrr imolaLed (adinbntic), partial damaR-
nrrization ia porfnr-d which ctmlm tha ■atmrial to
a low-r trmp~rnturp. Tlw third nt~p putm the ~te-

rial in contact wish thf cold h~th an thm dnngrrrr-
lmntinn im cnntinurd tm Rer,l rit!ld; hrmr in dr.mn
fr.m thr cold !raLh. Illlr rh~nl nt,~ptlr the NXlU in
#11 ad[,]hnric parlial mann-ri:nrimn hnuk tlitht~
nri~irrnl ~lmlrrin:l r,mpvrmlnru. llrum,~ twn inothnnn~l
nt-pn-Jndtw rIdlnhJLIC ~LoIIWI .I_ d,m.lcrihrwi uonmLi-
tutu n mnrn~cic C.lrunt cvclii. nil! t~pmraturu IIpnn
nt’ .I I’,lrn,)t cvclI~ i~ Ilmilo.d tn ~-in K uirh n
% Itl-T 11.~ld ClI,IIIUm hur rv, r~qmrrmriun in r~-

quirod. lf Inrwr r*mlw~rtirl~r* •IInn~ nr~ ruquirml
oLhmr cvclnn c~ln hw II-WI. A r“rn,)t cvrlr 19
illuntrnrd in I“ig. 1.
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ntage Is put through a brat ●xchanRer ●nd cool~rl to

TM before it ia pushed back into the reR@nerator
aftar demagrctization. Annther caplcx charmal vavP

of magnitude [TH - (Tc - AT)] ia ●BLabliahed;
but it travela in the opposite ditectimn to Lhe

firat themal wmvefront, aa ❑hewn in the bottom
frame of Fin. 2.

The gas ●xits the cold ●nd ot Tc-AT and is
put in contact with a load LO be ht=atwd to TC.

Uhen the gan temperature at the cold ● nd of th~
regenerator inrrease~ from TC-AT to TC, the
Eta flow is atoppcd ●nd the cycle now rmpetts ● n the
regenerator i~ ●gain magnetized.

Thr cooling capacit] uf a mnfln~tic regen~rntive
refrigerator is given by

(7)

where ATC in the ●diabatic tcmparnture charrRe nf
the magnetic maturialm, h the Ran flow rmte, and
Cp tha heat capacity of the pya al confitnnt
preseurc. The exhaunt hot Rn~ can r~ject h~nt nt ●

rate givrn hy

Q“ ■ iC AT
pll’

where ATH is the adiahmric tcmpcrnture rhan~c nf

the ‘..gnctic mat-rial rnt the hot end. ~1 trnd t’)c
● rc idra~ly r@lat..d tn thv rntin nf Tll to TC; in

th~ ideal cns~ thin rrl,ltinn in

(El)

(10)

MACNSTIC LIQUEFIER DESICN

An ective ■n~netic regmterativ- refri#eratnr cmn
be the basin of ii device potentially capablm of
liquefying hydrogen. The limitinR factora in thie

concept nre the ●imulcarremus requirement of excel-
lent beet trann[er in a poroun bed with minimum

pr~nmwre drop. Tn acfrlirion, che diffusive mixing of
th~ heat trmnsfer fluid ma:, br a problem. Thermal

●dd~nda munt he minimized #r the name time chmt the

mw’wtic forces are hmndl~d. Tiwre are m~ny fnctoro

aenociat~d with thr above d~aisn criteria thnt need
to be invmntigat~d before any particular deniBn in
chnnrn fnr rlav-loptwnt. Howevur, to indicate rhat
thmrc are indeed posaihilitiee, ● baaic concept [!

dincurnned.
Whtti a rcfriR@rator ia convcrtpd to ● liquefi~rm

denign chanRem occur because thr tred gaa to be
Liqucfir!d hma tn he cooled from room temperature to
the lieucfnrtinn tcnqwratur~. In orrlev to do thin

cfficicntly, the cooling must he done ov-r da wide a

tcmperat~rc epmn ne pmnsibl~, i.e., ideally, contin-
uously frnm ronm temprraturc downwardo. in the caee

of hydrrr~en rhcr- in an ●dditinnal thermal Ioed that
cmrn frm the ortho tn parm crwrvrraion, the heat
cafio bring mnintcnarrcc nf the ●quilibrium rntin #t
●ny tcmperaturol Flnfortorrntely, half of the ortho-
para cnnvermion hca? will bc prnd,lc~d belnw 77 K snd
mu-t hr tnkcn intn nccount in thr liqueFier d-sign.
Hagnrtic Iiqueflern h-ned on artivo mmgnntic rc?.mn-
eratinrr ahuuld hm ●hle to have balanced flow dur. lR
the cycle by u-ln~ a ■epmrall! ut)rkinR ges nnd liq-
u-fvin~ fl.ls. TtII- connt.,lint nr4nnciaterl tiith maqn
(Ic.w Fqt,, rlI,IIII:I. ,liMcllanr,l @arlirr cfln al~o hi!

uti I i::, !d ‘wm.l lcinllv in ,1 m;ll:np tic Iiqllu(i cr.
A h~lni ., ,,oruntial Iiqllrfiwr prnl:rna in :?uho-

m~ll ic.lllv 5,11uII in F’i~. 1. The opnrdtion or vnbh Or

LIIO Four $t.lpcI itiJ~ drscrihmd in th~ third mpctirrn
m thv dl..lcripf ivp throrv or tbr .Ict iv~marml!! ic ra -

Rm!)rmlor. TIIO prnci,~~ in Fix. J ~hvun mmw man~
rlnW It.,ing div~rtmi .It’tmr sln~m~ 1, ?, and 1, This

dlv~rclillll flllfWII Clll, CfhllillM f)f thLs lnCIIMillg frpd

hv,lrnu.,u ,Ind .mllt~wa ?h@ mtimn rlnw to trP dllf;rmt in
@#cll ~tnty, for m!r,, ,!conomicnl un~ nr thu ms~u~tlc

m.ll,lri{ll. Tlw! rnciprcratiu~ nacurm nf the prt,c,~mu
in l’i~. 1 rrqllirr+ v.alwrn mnd rnmr,rvnirm in v,lrinus
l~~fllillllfi tu Colllr.1] !ho E:Im rlow throuuh thr propvr
m?qllI!nI”Il .III tho mntwritilrn w!vi, [n and Olltnt’th~
mngnotid FIQld. lh?~i~tn cnlrula Lirlln fnr a ~ch,w.ltic
Msunolir iiqw,. fiwr III’ FiE, 1 thnt i- cnpnhlr of
prtj,l,lcill~ % 1).7 g/11 llaui,l lly,lrc~~cll fit ~fl,h K
imlirntd .In ft, -mrml I 01 f’icl I.IIc

T
III 5h? nf Cnrnnc, a

vnllum. nf % 76 t (7.fl x In”-Jm ) 111111n mri~n
or lhh ku, incllld ill- m,t~nl,tir nhi~ldirru .nround tlu!
mwnr, “fll,* .I,ldlti,lnrll p,lrilqitic tu, )l in~ nt ?ft t! ,111,,
to IIIIS rt.nlllrrm!~nL nt milillL:lillinM $.2 K Ilrl{um Ior

thr .,lllJ~r,”,~n,lllf:rinR mrrl~nmr IH ,snl,lmfrtmd n~ IZIJ NW,
?lIi,l .I,l,lir[on, ll llt~,l hn~ .1 Il,,j!lil!lhln ~rr{,et i)n rh,l
llqtII,llI,I ilvorfrll otrj(.ilvll.v. “11111~tntmmrnt:l ,Ihuvm
flrr 1,1.llili,,,l III rhCIIII,Xt qvctir,n.

PAIM!IKTRII: ANAI,YSI!I ANI) HF’Fll:lhNI’Y CAIJ!III.ATION
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m.lturut ic Iiqu,. liur I or hvflrci~l.11 rll,lt UE,. q

the Itmtvtnn Cyclli.

T,,A$I - rrAi,l

(11)

As
INN ,

(Tl, - Tc)(l -—
A!,,

’11-(l - Ai IHU)TI’—“

Akl,

maximum Fia!d change that in practical should be used
on the magnetic matrriala that have the largest mag-
netization. Rare earth compoundm tend to have the

Iargemt posdible ma,qnetizntions and either ~-Ti or
~~ Sn superconductors c-n ba uned to produce high-
field (10 T) magnete,

The major SO,,rces of irreversible entropy in

thik ❑ystem are given hy

A#
. . .

IRR ■ ‘SIRR + ‘SIRR ‘ ‘SIRR
Total Conduction Flow Internal

+ Lens H,at
Mixing Trmnmfar

(12)

Heat HiOcell#neoua

Exchange

We consid~r each term in Eq. (12) separately.
~c first source nf irrewrnible ●ntrop~ in the

regenerative bed in conducting through the bed due
tu the temperature gradients in the bed. Aa shown

in Fig. 3, there ia s complex temperature profile in
the thermal wavefront, but it can be approximately
d~compnierf into three temperature! gradienta in the

regrncrrntive bed; rme from TH to Tc over the

IenEth of the bed, and the othern acrosfi Al’ over ●

Frnctinn of the bed l~n,qth. Ilic irreversible @n-
cropy production rate from heat flnw acronm ● temper-
•tur~ Rrndicnc can be calculated by’”

(13)

At,,m fit: AT /( fl,Y)
p II

(17)
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where ? it the mcnn temperature and & ham bean
replaced by pvV/L.

lhe firet term in Eq. (17) is the contribution
from rhe overall gradient mcrose the whole reg@n~ra-
cor lensth, *nd che eecond ●nd third termn are the
contributions from the dT temperatur~ changee, ● s-
timated to occur over one-sixth of the bed length.
me ●ffective thermal conductivity is a comhinmtion
of static bed conductivity and diffueive ❑ixing nf
the fluid. Generally, a value of A %0.1 to 1 W/mK

has been reeeonable in analysia of our romn-
temperature pmroufi-bed ●xperiments. This parameter
should decreaee in value ao the tempermturc

decreaaem.
The second ■ource of irreversible ●ntropy pro-

duction comes from the diaeipation of the kinetic

●nergy of che beet-exchangu fluid in the porous
bed. llre prcneure drop in porous bedn is well d#-
ncribert by ErEun’s equation. ‘1 The irrcvprniblc

entropy produced ia
.

A; ~Rn (Flow) “~ . (18)

1[ Ergun’s ●quation is cnmbined with Eqa. (Ifi) and

(18), rhe r-cult ia
.

5WFlnw) - 2.5
[

1s011(1 - a)
~ 1+1.75 *

A~H pv

, ,, I* -III! numh,sr ,11’ lIo.11 tr,lnn[pr
~~fjh’l’~ ,n,,l ~.Lsnf.let ,lr,,;l IJt 1111. II I-,1 it ~ivoIl $v

f)( I
A -

- .I)V
-. -. . . .. .

c
(?:)

II
P

AA
I Itll

I?h(l-a! i. (Tll - T’r)’ T,l
. . . —— -,

-7 2
(23)

A!ll
‘frT ‘tll@f;pATll

wh~r A fnctmr two hit~ IIWII includml to nccounl rot
buth ru~unrr,ltiv~~ I IRm nf th~ cycl@.

Thn [~nlrth .:olrru of Irrovvrnlhl,. -Iltropv pro-

duction ia in che external cold and hot heat
●xchanger. In councerflow heat ●xchanger there
● re t- unavoidable contributions of irreversible
●ntropy, i.e., etr-am to atr
frictional AP for ●ach ●ide. f3m A:fa;;et::erma,

capaci~iea, &Cp, where & ia the mass flow race,
arc unbalanced, an addiLioual irrcwereibilitv
occure. Mowever, it ie poasihle to reduce all of
these contributions to n negligible mount {f a big
●nouRh area and volume can be afforded. ln the

calculation the pressure drop haa been included in
~. (19) as part of the pump inefficiency and thS
tem~rmture ●ffect for ● total Q transferred at T
can be ●stimmted by ❑anipulating Eq. (l]) in
combination with TA9 “ Q to-yield

.
T

IN - %rr‘sIRtt (Heat ExchanR@r) - ;N . 24)
AkH Eu

Considering that each mcaae hae a cold and hot ● x-
chauger, Eq. (24) hmn to be includnd twice. Cood

low-temperature exchnnnera on helium Iiquefiere hava
Ntu’n in the range of 50-100.

l%cre will bc ■mmll amnmte of irreversible
●ntropy production frnm friction in eealm, ineffi-
ciency in the electric drive mntor, ●ddy current

heating, charg{nR of th~ euporcnnducting magnet,
provinion for parasitic cooling to 6.2K, ●nd ocher
miecellanroun mourcen. The miscellnneoua ●nlropy
production waa eetimnted an 10% of the to~al from
all other ●nurcee.

The principal maior fiowrcr~ of irrewraihle
I!ntrllpv, for’ which rtl!l.nt~!~nM hfl VL. hren Wri CtI!ml, Wpru

,IKIIIIVI rn,;ulh~r For unch ~tagu n( thp liqllrficr, .Intl

the liqlwfi~r Pr[ici,wcit,s Cnlcllldted [or n wide

rntig,! mt’ qvntrm varinhlcs. l%c he~lt-rxchan:e fluide
chnw.u worp 1.0 MP.7 (10 ntm) Ileliurn nr hydru~ull At
the rncan tempmrnrur,. nf cilch fit.l~c. Ilydrwen pro-
duce+ ~lightlv b-rtcr @[ficionci,!M, primnrilv !Je-
c.lunP ilf itm hiflh[, r hoar c#pnci Ly pl~r unit m{lna. [n
thr calclllntion IJ[ thu ufficionrv h in nhL,lin
frnm 1‘)



TABLEI

EFFICIENCYRESULTSFSOtt A SFXOND+W ANALYSISOF A POUS-STACE HAOfflfTIC LIt7UftFlER

Q=(W)

21.1
20. s
21”.2
21.4
107
ltt9
10s
109
223
223
z 2A
399
399

0.02
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.39
0.09
0.09
0.09

x( W/mK)

0.1
0.1
0.1
0.1

;::
0.1
0.1
0. ~

o. I
0.1
0.1
0.1

V@
1.Z9X10-3
1. Zsxlfl-f
1.60m10-4
2.137dO_4
Z.oxlti
I.zxlo+
3.lnRlo-~
4.4 SRI0-4
4. 34x Ir)-4
6.09 Rlr)-4
6. 10ml(@
n.39xlr)-A
sm4flalo-4

TASLE [1

ESTIMATED CNAR~ERISTICS t)F
POUH-STAGE llYttStWHN LIQUEFIHR

&mltnR Btumr: 70V ● t 20.4 K (0.7 Uh)

Ovmrall Sahigeratnr
Volu: 7.6 E 19-7=1 (76 ~)

Ovarall MfriRPrntor
Hdsn I 166 ks (367 lb-)

Input pm-r
Rmquirt*,nt: \57 w (11.75 Ill’)

Total F.smlr
Rnimc Lion d Inn It: 621 v

f)v~r;ll L!lfiei,vwv: %4; ,If 1:.lrll,)l (?11 - lilt) ‘)

AI!KHWLFMWHHNTK

L(=)—

0.11
o.n5
o.t77
0.11
0.03
0.07
rf.lyf
o. f79
0.05
0.09
0.11
0.05
0.07

g

0.75
0.49
0.55
0.65
0.45
0.61
O.M
0.75
0.65
0.75
0.75
0.79
0.75

Val(dn)

0.017
0.132
0.121
0.125
0.1ss
0.190
0.247
0.152
0.221
0.246
0.300
0.212
0.296

II*

l.olrlf@
I.oxlo+
1.rrxlo-4
l.lhlo+
l.oxlft~
I.oxlo+
1.OXIO-4
1.OX1O+
1. flxlLr-4
1.oxln-4
1. OXIO-4
1 .OR1O-4
I.oxlo+

f

12. s
4.9
4.6
3.9

13.5
9.1
7.4
a.4

13.5
9.1
7.9

]6. k
12.3

papmr ●nd to thank th~ rafarrea for
connttmctlva criticimm.

SEFBRENCES

1.

2.

1.

4.

5.

6.

7.

n,

~m

1 n.

11,

17.

Il.

Stmrlmy, U. L., “ha Coat,
Rnvirnnmzntnl. amd Remourca

!!tull!ll
29s 85.3
loft S3.6
300 a5.6
z9fr a5. a
300 an. n
Jw 92.1
3W 90.2
232 91.4
243 90.4
243 90. a
z 79 91.1
I 67 .l~. 4

211 90.a

Enormy,
Immlicatinna et

Synthntic Pualn pr~ucpd frm &al fnr

Hilitmry Aircraft, ” Sand ~rporation Kmprt
P-557* (Ftthruary 1976).
Witcnfnki, R. D., “Cnmprimm nf Altnrnmtm
Punlm fnr Airtraft,” tfA6A Ropurt
NASA-TN-RI1153 (11)70).
Hikulnw-ky, U. T. nnd Hnrglt!, I,. W.. “lllm

PnLcn Linl or l,iqui,l Ilvdrnrc!n .nn J Hilitnry
Airurnft PIIrl.” ht’1. .7.Ifydrwom Rmmrgy ~
4M-LIIII (l~)7A1.

Hnrd, J., “Ecmrr,,micn of Ilv,lrncun,” in
lyl.rlwwl rrl Tmrhllllllipv Jnd rmnlil. arl,snf-.—-’—- — —— -.
Vml. V, K, H. I:nn and ~-l~~l-l~.~m-~itR”Jr. ,



in Heat Exchanger Design: Counterflow Heat

Exchangers for Ca9 to C.IS Applications,” J.
of Heat Transfer, V, 374-380 (1977).

14, CoppnKe, J. E. and fmndon, A. L., “Heat
Transfer and Flow Friction Characteristics
of Porous Media,” Chem. EnE. Prog. ~, 57-65

(1956).


